Abstract: On 6 December 2010, an extra-tropical storm reached Atlantic Canada, causing coastal flooding due to high water levels being driven toward the north shore of Chaleur Bay. The extent of flooding was identified in the field along the coastline at Maria using DGPS. Using the assumption that the maximum elevation of flooded areas represents the combination of astronomical tide, storm surge and wave runup, which is the maximum elevation reached by the breaking waves on the beach, all flood limits were identified. A flood-zone delineation was performed using GIS and LiDAR data. An empirical formula was used to estimate runup elevation during the flood event. A coastal flood map of the 6 December flood event was made using empirical data and runup calculations according to offshore wave climate simulations. Along the natural beach, results show that estimating runup based on offshore wave data and upper foreshore beach slope represents well the observed flood extent. Where a seawall occupies the beach, wave breaking occurs at the toe of the structure and wave height needs to be considered independently of runup. In both cases (artificial and natural), flood risk is underestimated if storm surge height alone is considered. There is a need to incorporate wave characteristics in order to adequately model potential flood extent. A coastal flooding projection is proposed for Pointe Verte based on total water levels estimated according to wave climate simulation return periods and relative sea-level rise for the Chaleur Bay.
Introduction
Sea-level rise, as a consequence of climate change, is a primary concern to coastal communities due to the increased threat of storm surges and coastal flooding [1, 2] . The rate of global mean sea-level rise increased from 1.9 mm/year to 3.2 mm/year between the periods 1961 to 2009 and 1993 to 2011 [3, 4] . This acceleration, combined with future projections of sea level and extreme water level change [5] [6] [7] [8] [9] [10] [11] has led the scientific community to pay greater attention to the development of vulnerability assessment methods for coastal communities and infrastructure to flooding phenomenon [12] . Previously, the vulnerability of coastal communities to future sea-level rise has been estimated by applying hypothetical sea-level increases (e.g. often a hypothetical 1 m rise is used, [13] [14] [15] ) or predictions from SRES and IPCC scenarios [16, 17] to topographic maps or digital elevation models at national or greater scales [18, 19] . However, adaptation approaches to coastal flooding require the development of local to regional level assessments [20] . In this context, the regional distribution and amplitude of sea-level rise remains a significant uncertainty when forecasting future trends [6] . In addition, the isostatic component (vertical land motion) is still rarely accounted for in coastal flooding assessment methods. It is evidently essential, therefore, to assess future relative sea-level rise [21] , especially in areas experiencing crustal subsidence due to postglacial isostasy [22, 23] .
Coastal flooding occurs when water levels overtop the first natural ridge or flood defense crest landward of the beach, generating landward flow and sediment transport [24] . Alongshore water level variability, relative to the crest elevation, further affects overwash potential [25] and can lead to an increase in the risk of flooding. During coastal storms, resulting water level maxima are a product of astronomical tide, barometric pressure and wind-induced surge [26, 27] . In addition, landward propagating waves in shallow waters are affected by beach morphology due to the effects of, e.g., shoaling, wave breaking and energy dissipation [28] . Such interactions can increase water levels in the onshore direction through the process of wave runup following breaking in the surf zone [29] . Runup (R) is defined as the vertical elevation difference between the maximum shoreward location of water and still water level (predicted tide + surge) [30] [31] [32] and includes two components: the setup and swash [33] . Setup is defined as a mean water surface elevation in response to wave breaking, which is a superelevation, whereas swash refers to oscillations across the water-land interface around setup. The sum of tide prediction ( , surge and runup on natural beaches correspond to total water levels (TWL) [34, 35] . Runup is generally calculated in terms of the two percent exceedance value of wave runup (R2%) for the TWL [34] . Runup (R) on a natural beach mainly depends on offshore significant wave height (H0) and wavelength ( 2 ⁄ ; where g is the acceleration due to gravity (981m/s), T is the wave period (s)) and the beach slope [29, [36] [37] [38] grouped under the non-dimensional Iribarren number . The Iribarren number, also referred to surf zone similarity parameter, is widely used in the computation of runup and overtopping discharge [37] and in near-shore process assessments [28] . Beach slope is therefore an important parameter for determining maximum wave runup height along coasts. However, beach surfaces used to calculate slopes, which can differ significantly between case studies, are not always clearly identified or described in the literature [29, 32, 34, 39] .
Wave runup on structures is typically calculated using a design wave for an expected water level in order to determine the required crest elevation for defense structures [40] . Types of structures range from low sloping coastal defenses to vertical seawalls. The main factors that influence flooding over sloping structures are wave runup and overtopping [41, 42] . However, for vertical seawalls where ∞, wave runup is minimal and is limited to a theoretical value of % ⁄ 1.4 [43] . In such cases, where waves frequently impact the structure, wave height is usually twice the incident wave amplitude and can produce a vertical plume of circa 5.5 times the wave amplitude [44] . On sloping coastal defenses, such as dykes, wave overtopping occurs when wave runup exceeds the height of defense structures [45] .
It is a challenge to accurately model the landward flow of water following overtopping of defense structures due to complex interactions between wave morphology and the structures themselves [46] . Studies on flow characteristics and discharge rates following wave overtopping have highlighted the importance of the roughness factor and permeability associated with different defense structures [47, 48] . Whereas overtopping associated with different coastal structure types has been evaluated [47, 49] , less is known on the spatial propagation of water levels in backshore zones following overtopping of the structures [46] , which is of key relevance to coastal managers responsible for land use planning and flood risk management [50] . Moreover, the establishment of rigid defense structures in response to ongoing erosion processes often results in decreasing beach and intertidal zone widths [51] . This can lead to increased wave overtopping of defense structures during storms [52, 53] . Such modifications to natural beach states can increase flood risk [51, 54] . The alongshore variability in flood elevation as a result of human intervention in response to coastal hazard represents a threat to coastal communities.
Studies on runup have typically been carried out along stretches of natural beaches (e.g. [29, 38, [55] [56] [57] ] or in areas of armoured coastline (e.g. [41, 42] ). In reality, coastal zones prone to flood risk will contain a combination of both natural and artificial sections, which highlights the need for a local to regional approach when considering coastal flooding vulnerability.
To date, the majority of coastal flooding studies have been carried out along coastlines exposed to ocean swell with long fetch and rarely on sheltered embayments [58] . In sheltered coastal environments, it is generally considered that the waves have less influence on coastal flooding and the tide and storm surge are the main drivers [58] . In Eastern Canada, the entire area of the Chaleur Bay (Figure 1 ) has been hit by two major and destructive storms recorded within a five year interval (December 2005 to December 2010), despite the fact that the Acadian peninsula partially protect the bay to wave agitation coming from the Gulf of St. Lawrence. However, the recent storm events have raised questions with regards to the influence of wave effects along coastlines in sheltered bays with short fetch. There is a critical need to understand wave influence in these environments in order to adapt and improve coastal zone management in Eastern Canada.
Mapping coastal flood risk areas is an important step for risk management planning and for guiding adaptation procedures necessary to reduce vulnerability to flooding. The classical method of flood mapping, which typically integrates extreme water levels, derived from historic tide gauge data, with a digital elevation model ("bathtub model") to identify areas at risk [31, [59] [60] [61] , has been criticized in recent years [62] . Recent storm events along North American (e.g. Katrina, Wilma, Sandy) and European (e.g. Xynthia) coastlines have highlighted the need to understand the effects of beach geomorphology and hydrodynamic conditions close to the coast in order to accurately determine backshore zones at risk of flooding [20, 31, 34] . Due to a paucity of wave data at local to regional scales, wave runup is not always included in coastal flood mapping. This is especially prevalent in Atlantic Canada [63, 64] . Another challenge to flood risk mapping derives from forecasting extreme water level return periods based only on short tide gauge series [65, 66] . It is also important to integrate the probability of extreme tidal water levels with runup data [34] for future coastal management and robust flood hazard mapping. Recent studies have shown that airborne LiDAR data, widely used for digital elevation models in flood hazard mapping, are not precise enough to accurately identify crest elevations of the first line of defense and to represent adequately elevation changes of flood defenses (embankment crests and walls) or beach berms at the coastal front or along river banks, which leads to over-or under-estimating of risk areas [67] [68] [69] [70] .
The development of methods for flood hazard mapping remains a challenge, especially at the local to regional scale, in order to be applicable and easy to use by local authorities responsible for land use and risk management. Therefore, only few approaches integrate the different components required to effectively map the exposed areas to flood hazards for the future.
The aim of this paper is to develop a coastal flood mapping approach based on in situ measurements, modelled wave characteristics, sea-level rise, estimated extreme water levels return periods, and wave runup estimations using empirical formula. This method is compared and validated from field surveys during and immediately after the 6 December 2010 storm event that caused extensive damage to the coast of Eastern Canada. We compare the altitude reached by the total water level during the storm based on the presence or not of coastal defenses and assess the importance of the waves in the flood pattern for sheltered coasts. Since slope determination is often of primary concern in runup parameterization, a focus was made on beach morphology with a mobile terrestrial LiDAR system (MTLS) to calculate beach slopes. The use of terrestrial LiDAR system also aims to solve the problem of identifying the elevation crest of the first coastal defense line. Finally, the proposed approach addresses future coastal flood scenarios at the community scale that can be easy to apply for coastal managers.
Study Area
In Atlantic Canada, common extra-tropical cyclones typically generate northwestern and northeastern winds toward the shores of the Gulf of St. Lawrence, creating storm surges and high waves [71, 72] . As a result of these low-pressure systems, coastal flooding and erosion have increased in recent years throughout the Chaleur Bay [73] . The study area is located in the municipality of Maria (Figure 1 ) on the north shore of the Chaleur Bay in the province of Quebec, Eastern Canada. Maria represents a typical coastal community for Eastern Canada, with a population of 2500 and an established mix of infrastructure (such as residential, recreational, commercial and tourism). The national road, 132, which links coastal towns throughout the Gaspé Peninsula with eastern Quebec, is particularly vulnerable to flooding at Maria [74] . Despite damage caused by several flooding events [75] , there is currently no coastal flood hazard mapping in the province of Quebec.
Flood hazard has been assessed for the southeast part of Maria where there are more than 40 houses built on the sandy low-lying coast (Figure 1 ). This area was flooded both on 2 December 2005 and 6 December 2010. This stretch of coastline contains a uniform sandy and gravel beach to the east (~22 m width), which is in a quasi-natural state ( Figure 2a ) and a protected zone to the west, which contains a wooden seawall protecting different properties [52] . The eastern section contains some low lying coastal defenses, which are situated landward of the beach or on the upper beach, with a structure toe above HAT. We therefore assume an alongshore and natural wave energy dissipation across the beach in this area, where runup can occur on the sloping beach, as underlined by the Mase et al. [41] study on wave runup and overtopping. At the western zone of the study site, almost the entire beach has been eroded as a result of wave reflection and scouring at the wall toe [51, 52] (Figure 2b ). Beach erosion has exposed a substrate of pebbles and gravel (Figure 2b ). Backshore elevation in this area is higher than in the eastern part of the site. The region experiences a semi-diurnal and meso-tidal regime, with a mean sea level (MSL) of 1.33 m relative to Chart Datum [76] (Table 1) . During highest astronomical tide (HAT) (1.66 m), the seawall toe is submerged and oscillating water levels occur on the seaward face of the wall. As observed during the 2005 flood event [52] , continuous wave overtopping can occur during periods of high water levels and large waves. 
Methodology

Post-Storm Surveys
Storm debris [77, 78] and tidal deposits [79] can be used as water level limit and maximum runup extent indicators. A field survey was conducted on the day of, and immediately following, the 6 December 2010 flood event, in order to identify maximum flood water levels reached at Maria (Figure 3a) .
Storm debris lines were located in situ using a DGPS Thales ProMark3 system (Figure 3b ), with horizontal (x, y) and vertical (z) uncertainties of ± 1 cm. A total of 188 data points were collected for the 2010 event along debris lines, which were located along 2.2 km of coastline. A database of georeferenced points was then superimposed over a 2007 airborne LiDAR raster elevation data map (spatial resolution of 1 m, vertical accuracy of 20 cm) in ArcMAP. The points were connected together to form a continuous line indicating the landward limits of the water during the storm. Points were then generated every 5 m along the line and elevation values were extracted from the raster providing mean flood elevations for the (protected) western and (unprotected) eastern zones, relative to geodetic datum CGVD28.
Mobile Terrestrial LiDAR Data Acquisition
The alongshore and cross-shore variability in beach morphology at Maria has been studied by Bernatchez et al. [52] using DGPS profiles. Even if the natural beach is mainly homogenous in terms of sediments and morphological patterns (width, volume), morphological variability exists between areas with defense structures (west zone) and those in a quasi-natural state (east zone). We initially used airborne LiDAR data to map the first coastal defense line, but the spatial resolution and accuracy in z does not allow us to determine with sufficient precision the height of the crest elevation. We therefore used mobile terrestrial LiDAR system (MTLS) on the entire beach of the study area on 28 September 2011 ( Figure 4a ) to improve on spatial resolution and vertical precision of previous studies [51, 52] . The survey was conducted at low tide and covered the entire foreshore to a minimum seaward elevation of 1 m below CGVD28 (close to LAT). Resulting data are used in cross-shore view to localize the first ridge on the natural beach or the coastal structure crest elevation (Dhigh), the berm crest and the hinge line (d).
The MTLS is a multi-sensor system mounted on a utility side by side vehicle (Figure 4 ). The multi-sensor system includes a laser scanner Riegl VQ-250, a camera PointGrey Grasshopper GRAS-50S5C-C and a GPS inertial navigation system Applanix POS-LV 220 ( Figure 4a ) [80] . Post-processing was performed using PosPAC and Trimble Trident Analyst software. The projection used was NAD83 MTM5 with geoid HT2.0. The LiDAR point cloud has a spatial resolution of less than 0.05 m × 0.05 m (Figure 4b ). Different types of beach debris were filtered manually in LP360-QCoherent software (Figure 4c) . A grid elevation with a spatial resolution of 0.5 m was created in LP360-QCoherent software in order to identify the beach slope with high accuracy.
The first line of defense (Dhigh), corresponding to the defense structure crest in the west zone, or to the crest elevation of the first ridge landward of the berm crest in the east zone, was manually digitized in ArcMAP. To calculate the accuracy of the laser data, a total of 23 control points were measured using a D-GPS Trimble R8 over the entire study site. The error was calculated by the root-mean-square (RMS) of the difference between control points and the adjacent laser points. Calculated horizontal (x,y) and vertical (z) errors are ± 0.03 m (RMS).
Hydrodynamic Data Analysis
Wave Dataset
No measured wave data are available for the Chaleur Bay. We therefore used a modelled wave dataset from Environment Canada's (EC) operational wave forecasting model based on WAM cycle 4 MW3 "PROMISE" [81] [82] [83] [84] . Archived outputs cover a 10-year period, from 1 January 2003 to 31 December 2013 with a data hiatus for 2006. Time series are available at three-hour increments.
EC's implementation of WAM extends throughout the St. Lawrence Gulf and Estuary, from Montmagny to Cabot Strait and Belle-Isle Strait, at a spatial grid resolution of 0.04° latitude and 0.06° longitude (approximatively 5 by 5 km at 45° north). Selected source terms include formulation for exponential wave growth [85] , formulation for linear wave generation [86] , formulations for deep and intermediate water non-linear wave-wave interactions (quadruplets) and dissipation due to whitecapping [81] , JONSWAP formulation for dissipation due to bottom friction [87] , and formulation for dissipation due to depth-induced breaking [88] .
Wave propagation schemes include refraction over bottom and non-stationary ambient currents. Non-stationary boundary conditions are based on 40 m tri-hourly winds from EC's Global Environmental Multiscale Model (GEM) and surface currents (at 5 m depth) from EC's oceanographic model of the Estuary and Gulf of St. Lawrence (MOR). Output wave parameters derived from spectra are significant spectral wave height (Hm0), mean spectral wave period (Tm02) and mean wave direction (Dir).Wave data quality has been assessed by Jacob et al. [84] and Lambert et al. [89] [90] [91] for the Estuary and Gulf of St. Lawrence domain. Selected data for this study were extracted from EC's model at grid point i = 67, j = 69 (−65.950 O, 48.1 N), located 7 km east south-eastward from Maria's shoreline, to a depth of −18.2 m. Given the limited fetch length in front of Maria (70 km), most simulated wave periods were under 5 s. We therefore selected a position for wave parameter extraction close to the shore yet remaining in deep-water conditions (d > 1/2 L0) for most wave periods. Selected wave records were linearly interpolated to an hourly resolution in order to match temporal resolution with the available tidal dataset.
Determination of Near-Shore Wave Parameters
Runup values, as a result of wave setup and uprush, are determined by deep-water significant wave conditions (H0 and L0) and beach slope with the Stockdon et al. equation [29] . Wave shoaling and refraction over coastal waters can be empirically determined using weighting coefficients rather than physical computations. We will refer to H0 in the paper as a reference to Hm0. The depth of wave breaking and the location of the break point on the sloping beach or relatively to a defense structure is an important factor contributing to erosion and flooding. Depth of breaking db is computed from (1) [92] :
where = 0.8, = deep-water wave angle relative to shore normal direction (incident wave = 0°), and deep-water phase velocity .
Wave Runup Estimation and Coastal Morphology
The flood assessment applied in this paper estimates wave runup with the empirical formulation proposed by Stockdon et al. [29] based on in situ measured runup values via extensive research conducted on ten sandy field experiments in the USA and Netherlands. The following equation has been applied because it is valid for a broad range of reflective to dissipative beaches:
where % is the elevation above the still water level that is exceeded by 2% of the wave runups [53] and tan is the beach slope. This empirical runup formulation (RMS error = 0.38 m), hereinafter referred to as the RS06 model, is considered a good predictor of runup [25, 33, 93] and is often used in coastal flood and vulnerability assessment [67, [94] [95] [96] . The static flood model applied in this paper consists of a summation of observed tidal level and storm surge, wave characteristics and wave runup according to the RS06 empirical model. It is based on the comparison of total water level (TWL) against ground elevation assuming an instant and constant flood surface on the area [67] . Despite its simplicity, the RS06 formulation requires a beach morphology assessment. In natural settings, the beach slope is not a straightforward calculation [32, 39, 97] . Some authors suggest using the foreshore beach slope in the computation of the empirical formula [29, 30, 63, 96] . Cariolet and Suanez [32] obtained a good fit relationship between measured and predicted runup using the slope of the active section of the beach in a macrotidal environment, which corresponds to the upper foreshore slope. This is in accordance with Stockdon et al. [25] who used the mean beach slope between the berm crest and mean high water level to define tanβ in storm conditions where the swash is moved up the beach. Two beach slopes on the natural beach were compared in our approach ( Figure 5 ). Beach slope at high tide during the flood event corresponded to the slope between the point of maximum runup elevation on the beach (Rmax) and Tobs−1.5H0 [43] , where Tobs is the still water level without the wave component. This slope, referred to as tanβ1.5H0, was compared to the upper foreshore slope (tanβufs). The upper foreshore slope is relatively located upward of mean sea level (CGVD = 0.15 m) and is located between the point of maximum runup elevation and the hinge line. Considering the maximum flood height along the coast on 6 December 2010, Rmax is assumed to be equal to the berm crest elevation in both situations. Both berm crest and hinge line were manually delineated for the entire beach as a line feature in LP360 using a 3D visualization window (Figure 4b,d) . The width of the beach Y1 was calculated between beach berm crest and Tobs−1.5H0. Using the MTLS derived raster, a contour line equal to Tobs−1.5H0 was automatically digitised in ArcMAP. The mean beach slope, tanβ1.5H0, was then defined (Zcrest−ZTobs-1.5H0)/Y1. The mean beach slope, tanβufs, given a beach width Y2 between the berm crest and the hinge line, equals to (Zcrest−ZHinge line/Y2). Beach slopes were calculated every 50 meters along the coast, for a total of 28 cross-shore profiles. Figure 10 .
In the present study, where high water levels and wave conditions led to overtopping and flooding, bottom induced wave breaking was located close to the seawall. Since radiation stress induced wave set-down is at its maximum at the breaking point and static wave setup starts at the breaking point [98] , we can assume that there is no contribution of wave setup to the total water level on the wall. As a consequence, neither runup nor setup were calculated in front of the seawall in the west zone. During the 6 December event, the cumulative offshore wave height plus storm water level elevation overtopped the defense crest by several tens centimeters. Thus, an approach using only the wave height as a criterion for flood assessment has been proposed ( Figure 6 ).
Sea-Level Rise Projection and Flood Mapping
Sea-Level Analysis
Relative sea-level rise, as a result of regional glacio-isostatic adjustment and eustatic contributions, is a concern along Atlantic Canada in terms of future coastal flood risk assessment [59, 63, 71, 99] . In the southern Gulf of St. Lawrence, the isostatic crustal movement ranges from −1 to −4 mm/year [22, 23] . In Maria, the rate is estimated to be −1.78 mm/year) [100] . The nearby tide gauge at Belledune (Figure 1 ) provides a local relative sea-level trend of 4.06 mm/year between 1964 and 2014 for the study site, which is located 36 km northwest of the tide gauge. This tide gauge recorded data in 1964 and between 2000 and 2014. Hourly observed water levels were imported from the Canadian Tides and Water Levels Data Archives, available online [101] . The hourly predicted water levels were provided by the Canadian Hydrographic Service and were used to calculate the magnitude of surges [102] . Original tidal data are expressed relative to Chart Datum, which is 1.18 m below geodetic datum (CGVD28). All tidal and elevation references are expressed relative to CGVD28. Hourly data were smoothed to obtain monthly mean tidal levels from which the sea-level rise (SLR) trend was extrapolated. The averaged seasonal cycle and months containing less than 90% of data were removed following Daigle [103] . The SLR trend was obtained using linear regression following [104] : (3) where b1 is the regression coefficient estimating the SLR trend. An estimation of future water levels with the associated confidence intervals was also performed following the approach by Boon [104] .
Estimation of Return Periods for Extreme Water Levels
For the natural beach at Pointe Verte, hourly wave runup time series were combined with measured sea-level (Tpred + surge) providing total water level (TWLnat), following Ruggiero et al. [34] . For coastal flooding assessment, extreme water levels are most relevant. Different approaches based on observed water levels exist to calculated return periods [65, [105] [106] [107] but all of them except the peak over threshold model [106] are time-series length dependent. Since the joint times series of wave runup data and water level data is relatively short (eight years), the peak over threshold model with the generalized Pareto distribution was used to compute return periods associated with extreme water levels [106] . This method is widely used elsewhere in the northern Atlantic for extreme water level predictions [108] [109] [110] . The analysis was performed on daily maximum levels (high water tide + sea level rise + surge + wave runup) rather than hourly values to avoid temporal dependence. A flood map assessment was performed for the 2010 event based on identified field debris and the RS06 model. The associated return period of this event was calculated with the Pareto analysis. Considering the relatively short time series of tidal data available from Belledune station, we limit the time horizon for flood mapping to 2030. Adding the sea level projection to tidal, barometric surge and runup components gives a future scenario of the same return period for any given year. For the natural beach: (4) where SLR is the sea-level rise between 2010 (T1) and any future year T2. For the artificially protected area, the runup component is replaced by H0 (see Section 3.4) thence, for defense structures: 
Results
Coastal Flood Mapping for the 6 December Event
Flood Event Analysis
During the day of 6 December 2010, the Belledune tide station recorded a high water level of 2.05 m at 4:00 p.m. local time (20:00 p.m. UTC), which included a storm surge of 0.63 m combined with an astronomical tide of 1.42 m (Figure 7a,b) . Despite the fact that this water level was below the beach crest along most of the coastline (Figure 8 ), a significant area of the municipality of Maria was flooded by extreme water levels ( Figure 9 ).
Mean observed flood limits reached 3.68 m and 3.07 m for areas with and without defense structures, respectively, therefore exceeding the observed tidal level (Tobs) by 1.63 m. The vertical seawall in the west zone increased total water elevations along this part of the coastline by 0.61 m in comparison to the natural zone. This is at least partly a result of the proximity of the wall to the still water level. The wall faces frequent wave impacts during such tidal conditions and the wall toe is completely submerged by more than 1.7 m of water depth, regardless of the wave component. Focusing on the wave breaking depth (Db) enables a better understanding of the wave-breaking pattern both near the wall and on the natural beach ( Figure 6 ). According to Equation (1), Db = 1.96 m, providing a geodetic elevation of 0.09 m. Waves therefore break close to the toe of the wall, whilst in natural areas, breaking occurs on the foreshore slope ( Figure 6 ). Where the seawall is built, no wave runup occurs. Instead, waves reach the defense almost at the breaking point. (Figure 9b) . As a result of this eastwards drainage via the tidal marsh, the landward flow of water in this zone was limited (Figure 9a ). Houses located on embankments landwards of short defense structures ( Figure 8) were spared from flooding. Results show that, despite the observed tide not reaching the beach or the defense crest on 6 December 2010, heavy flooding occurred along the entire Pointe Verte coastline in Maria due to wave effects. In the western zone, almost half of the original wooden seawall was destroyed during the event, probably due to different material robustness along the defense structure (see Figure 8 ). Where the wall material was older and thus the protection less sturdy, much of the beach was returned to a natural state in front of many properties.
Wave Runup Implications in Modelling Total Water Level for Flood Mapping
Calculated beach slopes show minimal variability and have a mean value of 0.14, with a mean standard deviation of 0.013 for tanβufs and 0.017 for tanβ1.5Ho. We considered this mean value representative of the study area and valid for the cross-shore transect approach assuming an inshore wave direction perpendicular to the shoreline. The linear regression between the upper foreshore beach slope and the slope located between the berm crest and Tobs-1.5H0 shows a good correlation (r 2 = 0.87, p-value < 0.001). Therefore, the upper foreshore beach slope was used in the RS06 formulation associated with the 2010 event.
The RS06 modelled runup (Figure 7d ) and TWL for the natural beach was 1.02 m and 3.07 m, respectively. Observed total water level on the natural beach was 2.83 m (Table 2) , thus resulting in a coastal inundation throughout Pointe Verte. The RS06 model predicts TWL to within uncertainty ranges (RMS = 0.38 m) of the RS06. Considering the relatively constant coastline elevation (Dhigh) (2.66 ± 0.28 m standard deviation), observed tidal levels fail to overtop the coastline crest (Dhigh) without the influence of wave effects. Wave breaking effects transfer wave energy into potential energy in the form of wave runup and thus create the potential for flooding to occur. Along the coastal defense, however, results show a higher observed TWL by at least 0.86 m compared to the natural beach ( Figure 6 and Table 2) , giving a water level of 3.69 m. With a 0.01 m underestimation difference, the estimated TWL on coastal defense gives 3.68 m, suggesting that adding the wave height to the still water level is a good approach to predict TWL in this case. Estimated total water levels obtained from Equations (4) and (5) for the 2010 event were mapped over the 2007 LiDAR grid elevation whilst the data from the mobile terrestrial LiDAR system were used for defining crest elevations (Dhigh) (Figure 8 ). For the west and east areas, the predicted TWL estimates well the flooded surface. The static approach, however, does not take into account the flow pattern landward of the spit and therefore overestimates the overall flood extent by 0.088 km 2 ( Table 2) 
Tidal Analysis and Sea-Level Trend
According to the Belledune tide station, the measured relative SLR trend was 4.06 mm/year between 1964 and 2014 ( Figure 11 ). Once modelled with the peak over threshold method with a generalized Pareto distribution, the estimated total water level (including tides, surge and wave runup estimations) during the 6 December 2010 event exceeded the 100 years return period (Figure 12a Return periods (Figure 12 ) are particularly high considering only eight years of data are available. The confidence intervals suggest that, for the natural beach, the level reached during the December 2010 event could have a return period from 30 to over 200 years. An analysis of the extreme water levels return periods for the December 2010 event was conducted in the St. Lawrence maritime estuary from the longest available time series (1897-2010) at Pointe-au-Père-Rimouski station and indicates a return period of 150 years [75] , which is closer to our upper interval. Figure 12 . Estimated total water levels return periods at Belledune tide station according to the peak over threshold method including (a) wave runup for the natural beach on the eastern part of the study site and (b) significant wave height for the defended area on the west zone. Table 3 . Estimated extreme total sea levels for (a) (high water tide + sea-level rise + storm surge + wave runup) and (b) (high water tide + sea-level rise + storm surge + significant wave height) for different return periods for years 2005 Moreover, rising sea levels are likely to cause an increase in flood events and a shortening of return periods. A hypothetical 1 in 100 year event at Maria may become a 1 in 70 year event by 2030 (Table 3 ). This represents a 14% increase in frequency.
Discussion
Based on flood limits from post-storm survey, crest elevation and beach slope determination, wave climate modelling, wave runup estimations and sea-level rise projections, the proposed static flood approach presented here has emphasized the importance of integrating the wave component into flood assessments for low-lying coasts ( Figure 13 ). Flood levels were identified with in situ measurements assuming that wave runup superimposes on tidal and surge components to increase water levels. Although runup values are mainly acquired by modelling, in situ measurements, or video monitoring systems [111] [112] [113] [114] , they can be estimated using measurements of field deposits [32, 52, 55, 79] . The approach proposed here is based on deep-water wave modelling, as no wave buoy data were available for the study site during the 2010 event. The modelled results show good accordance with in situ measurements from the field. This is despite the empirical formula failing to account for physical processes in the surf zone [111] or the time-varying morphology of the beach in response to continuously changing wave characteristics [28] . 
The Need for a Wave-Tide-Surge Integrated Approach
On 6 December 2010, no flood would have occurred in the area of Pointe Verte without a wave effect on the beach. In regards to the alongshore crest height variability and the water level observed at the tide gauge, only the concrete ramps, the end of the spit and the tidal marsh were affected by the tidal and surge components during the 2010 event. The crest elevation of both the natural beach and coastal structures was generally too high to enable a situation where the backshore would be entirely flooded by the storm surge alone [24] . Our results clearly show that the use of extreme water levels (tide + storm surge) alone, as often recommended and used for coastal flood mapping [59, 61, 63, 64] , is not necessarily sufficient for predicting coastal flooding, even in a fetch limited environment like the Chaleur Bay. The same site in 2005 experienced similar storm conditions, i.e. with upper foreshore limited tidal levels combined with high waves and overtopping of defense structures and overwashing of natural berms [52] . [77] . In all cases, total water levels, which caused major flooding, were increased by the wave effect. The results show the importance of integrating the wave component into the analysis of coastal flooding even for sheltered coastlines where their effects are often ignored or underestimated. Similar findings were observed in California where infrastructures at risk of flood are often concentrated around sheltered embayments. Originally, wave effects were ignored in flood analyses [58] yet subsequently have been integrated into more complete hydrodynamic flood models [67] . Other results were recently observed on the other side of the Atlantic, where in February 2010, Xynthia generated a large storm surge contributing to coastal flood in France. Bertin et al. [115] underlined the exceptional surface stress originating from young and steep waves propagating toward the shore, increasing water levels at coastline and contributing to flooding. For more than a decade, considering the wave component is also part of the FEMA's procedure for coastal flood mapping in the US [116] [117] [118] . Using computer programs such as Runup 2.0 and ACES (Automated Coastal Engineering System), numerical models like CSHORE, or empirical formulas, wave runup and wave overtopping are included in the flood map methodology for the National Flood Insurance Program [94] .
For the natural beach of Pointe Verte, we modelled deep-water wave characteristics and integrated these into a static flood model under a wave runup empirical formulation [29] . The estimated wave implication for the 2010 event increased the still water level from 2.05 m to 3.07 m, resulting in a theoretical wave runup of 1.02 m in natural areas. This increase in water levels was also recorded by Bernatchez et al. [52] , where an amplitude of 0.4 m over the still water level was recorded on the natural beach during the storm in December 2005.
Along the natural beach, wave runup occurs on the upper foreshore beach slope. Using this beach slope in the Stockdon runup formulation and adding this value to the observed tide and surge showed good correspondence with field debris elevation measurements. Although the foreshore slope has been used in previous works [29, 32, 34, 67, 96, 119] , the mean upper foreshore slope defined here was located between the beach crest and the hinge line, corresponding to the "slope of the active section of the beach", as suggested by Cariolet and Suanez [32] for macrotidal environments. Using this beach slope, the Stockdon model showed good results in estimating wave runup and mean flood limit elevations were within model errors (±0.38 m). This is in accordance with authors who suggest using the Stockdon formula in order to estimate wave runup as a first step in coastal flood assessments [94, 95] . Some studies show that the Stockdon formula tends to over-estimate the flooding extent [55, 67] or occasionally underestimate it [111] .
Other runup empirical formulas based on beach slope and deep-water wave characteristics exist [30, 34, 57, 97, 120] and demonstrated different results [32, 77] . In our case, without precise field recordings of high frequency wave runup and near-shore hydrodynamics, we find the Stockdon model based on deep-water wave characteristics and upper foreshore beach slope suitable to our static flood model on the natural beach. The upper foreshore slope offers a practical advantage to coastal managers because it can be readily defined using GIS [51] . By digitizing the coastline and the hinge line from a series of aerial photographs and LiDAR products, one is able to estimate wave runup at high tide if wave climate data is available. This is a measureable morphological aspect that can be used in historic flood assessments and for predicting future extreme events.
As demonstrated along the seawall at Maria, wave crest elevation in relation to the height of the defense crest is also an important parameter in coastal flood management [121] . Upper foreshore sediment volumes are diminished in front of coastal structures in response to wall reflection and scouring at the toe [52, 122] . Therefore, waves do not break on the foreshore until reaching the vicinity of the wall front. As a result, almost no dissipation occurs on the sloping beach in front of the wall and flood limits become higher landward of seawalls in comparison to behind natural beaches. No wave runup occurs in such cases [43] and flooding is due primarily to wave overtopping. Chini and Stansby [53] showed that the overtopping discharge was higher when beach level was lower at the toe of the seawall. This may explain the much higher TWL measured in front of defense structures compared to the natural beach in Maria. Since no wave overtopping discharge calculations were made in the present study, we propose adding significant deep-water wave heights to the still water level in order to estimate flood levels landward of the seawall. This approximation is a useful approach for coastal managers and showed good results in this study. Since coastal flood assessment and mapping for large areas can easily require time consuming and expensive studies [20] , especially where complex coastal defense structures are present and require computationally demanding effort for bulk application [95] , adding deep-water wave height to the observed tide (with surge) as a simple rule-of-thumb in order to obtain total water levels facing seawall can be suitable as a first approach to flood mapping in the present case where waves do not break before reaching the vicinity wall.
Another element vital to flood model robustness is the accuracy with which we can identify and map the first line of defense [25] both in natural environments and along defense structures. Recent studies show that airborne LiDAR digital elevation models, usually with a spatial resolution of 1 m and a vertical accuracy of ±15 cm [123, 124] and sometimes up to 30 cm [125] [126] [127] , are inadequate to determine this limit with sufficient precision as micro-scale topographic features relevant to hydraulic connectivity are overlooked [58] . The result is an over-or under-estimation of the flood extent. The mobile terrestrial LiDAR system (MTLS) that we used in this study produced a point cloud with a spatial resolution of less than 5 cm and vertical errors of ± 3 cm (RMS), which effectively solves the problem of having to determine defense crest elevation manually [25] . The MTLS also allows for much faster field surveys in comparison to fixed terrestrial laser scanning (TLS) or DGPS, which are sometimes used in lieu of airborne LiDAR data [128] . This is an important advantage in the coastal environment as the time available to map beach morphology can be short at low tide. Surveys with the MTLS also provide potential in urban flood modelling where the representation of micro-scale topographic effects and complex features (curbs, ditches roads, defense structure crests, walls, and/or buildings) or drainage systems have significant impact on flood propagation [67, 69, 70] . Airborne LiDAR data covering larges areas in a rapid survey can be combined with MTLS surveys along coastal borders to maximize the advantage of both platform to generate high-resolution digital elevation models for accurate coastal flood mapping.
Inland Drainage and Sea-Level Rise
During the 6 December 2010 event, water levels in the tidal marsh at Maria were lower than the predicted flood levels due to the protection offered by the coastal spit. Marshes attenuate wave energy and provide natural resilience to flooding exposure [129, 130] . Due to a land gradient landward of the coastline, however, the Stockdon model did not predict well the flood limits. This model overestimation has been reported previously when applied to other flooded peninsula environments [67] and a decelerating landward flow with distance is normally seen in this particular situation [113] . Flood limits at the tidal marsh in east Maria were below the 2.83 m average for the region. Due to the morphology of the marsh, only the astronomical tide and storm surge components affected this flooding surface during the event, demonstrating the natural protection offered by this type of environment.
The relatively low 2.05 m still water level was too low to produce an inundation regime during the 2010 event. An inundation regime occurs when a constant inland flow of water under storm surge effects (tide + surge) is realized, causing continuous submersion of the coastline [24, 25] . Under future sea-level rise, conditions where the still water line is raised, an inundation regime could occur over the Pointe Verte area, which has the potential to flood the entire spit and tidal marsh. In such a case, the land drainage effect would diminish and the static flood model presented here would likely give an accurate account of flooding for the area eastward of Pluviers Street.
According to our linear SLR prediction of 4.06 mm/year (1964-2014), the return period for an equivalent storm to generate a still water level (tide + surge) reaching the beach crest of 2.66 m causing an inundation situation is 150 years. This modelled linear trend is in accordance with the IPCC's RCP8.5 sea level rise scenario for at least the next two decades.
As an example, 20 years of SLR at this constant rate produces a net rise of 0.082 m from 2010 to 2030. Integrating the IPCC's RCP8.5 sea-level scenario [131] with current isostatic land motion (−1.78 mm/year; [100] ) results in a net SLR of 0.122 m by 2030, relative to 2010 levels. By integrating the IPCC's projection and Koohzare's isostatic model, we can estimate the year when an inundation regime event (at least equal to the mean coastline elevation of 2.66 m) would happen. A hypothetical 2.66 m still water level could be reached by 2081, after 71 years. Moreover, in the context of climate change, the significant reduction of sea-ice cover will promote an increase in winter storm waves hitting the coast [132] .
The trend of relative SLR has been 6.96 mm/y between 2000 and 2014 at the Belledune tide gauge. This evidence of acceleration in SLR is also observed at tide gauge stations in Eastern Canada and Northeastern United States [104] . The SLR acceleration since 1990 is a global response to the increased radiative forcing of the climate system [133] . Due to the short time series of tide gauge data, we opted for a conservative linear trend compared to the quadratic approach used by other authors to project sea-level rise [8, 104] .
The use of tide gauge data has the advantage of integrating both isostatic and eustatic components to project relative SLR at the regional scale [104] . However, due to the short time series and discontinuity of the tide gauge data from the Belledune station, the projection of relative SLR was made only for a short period. The recent acceleration in global SLR averages [3, 4] and the large differences between scenarios of eustatic rise by 2100 [7] demonstrate the need to develop and use proxies to better establish regional relative sea-level trends [134] [135] [136] . These data will be needed to establish a more robust coastal flood risk mapping.
Conclusions
Wave runup estimation and modelling of water levels and deep-water waves have reproduced observed flood limit elevations during the storm event of 6 December 2010, as experienced along a natural and armoured coastline. Results clearly show the importance of integrating wave data and runup in assessing and mapping the risk of coastal flooding. They also demonstrate that the lowering of beach levels at a seawall toe increases total water level elevations in the backshore and consequently the risk of flooding due to a wave breaking occurring at the vicinity of the seawall. Our approach integrates runup, which takes into account beach slope (natural areas), or deep-water wave height (at seawalls), the return period of extreme water levels and future relative sea-level rise in order to establish, at the municipality scale, coastal flood risk maps. This approach, which takes into account several variables, is easy to use for coastal managers, which is an important factor in the process of adaptation. Such static approaches do not, however, account for land drainage. In the context of accelerating sea-level rise, it becomes necessary to establish, at the regional scale, a longer series of relative sea-level trends, a validation of wave, drainage, and numerical runup models in different geomorphological settings and hydrodynamic conditions. The next step will be to integrate wave overtopping discharge models to better represent overland flow patterns. In this perspective, the use of a mobile terrestrial laser system offers excellent potential to model and map more accurately coastal flooding. Integration of validated modelled data into a warning system offers a promising avenue for managing and mitigating coastal risks. 
